Shape memory alloys present a unique ability to undergo a solid-to-solid, diffusionless, reversible phase transformation. The forward phase transformation is commonly associated with transforming from the austenitic phase to the martensitic phase, while the reverse transformation is defined by going from the martensitic phase to the austenitic phase. In thermal actuation loading paths, forward transformation is generally associated with cooling, while reverse transformation is commonly associated with heating. In this article, however, it is shown that reverse transformation may occur during cooling of notched cylindrical shape memory alloy bars. The reversal in phase transformation is associated with the redistribution of stress in the shape memory alloy due to the phase transformation.
Introduction
The unique ability of shape memory alloys (SMAs) to remember an initial configuration has lead to their use in a number of industries, including the biomedical, automotive, and aerospace industries. One of the primary reasons for their widespread interest is due to their ability to undergo a solid-to-solid, diffusionless, reversible phase transformation with actuation energy levels upward of 10 MJ/m 3 , which is higher than most other active materials, which includes piezoelectrics, electrostrictives, and magnetostrictives, to name a few (Lagoudas, 2008) . The phase transformation is driven by a coupling between the thermal and mechanical energy fields within a SMA, which causes the microstructure to undergo a crystal structure change from a higher symmetry austenitic phase to a lower symmetry martensitic phase. Consequently, due to the crystal structure change, the phase transformation leads to a redistribution of stress in a SMA. In order to properly design SMA components, it is therefore of critical importance to consider how the stresses in the SMA component will redistribute during and after the phase transformation.
Attachment points of various components to fabricate an overall structure generally lead to localized stress concentrations at the attachment points. Such attachment points may include welds, rivets, and/or eyeholes. In the presence of such stress concentrations, it is well known that the stress state will be multiaxial. Much research has been performed on SMAs loaded in multiaxial states of stress. For example, various studies have utilized hydrostatic pressure to induce a multiaxial state of stress within a SMA (Ackermann et al., 2016; French and Weinrich, 1973; Karaman et al., 1998; Sfer et al., 2002) . However, such experiments require the use of specialized equipment to induce the hydrostatic pressure, especially if the pressure is non-uniform across all faces of the specimen. An alternative method to obtain a multiaxial state of stress which has been utilized across a number of material systems is the use of notched cylindrical bars (Bao and Wierzbicki, 2004; Benzerga et al., 2004; Kondori and Benzerga, 2014; Mirone, 2007; Olsen et al., 2012) . For such notched cylinders, the primary stress is applied in the axial direction; however, the notch causes the radial and circumferential stresses to also be non-zero within and close to the notched region. Furthermore, by varying the size of the notches, it is possible to achieve a variety of stress states, classically defined as the triaxiality ratio. The triaxiality ratio is defined as the ratio of the hydrostatic stress to the equivalent (or von Mises) stress and it was analytically found by Bridgman (1964) that for elastic materials, the triaxiality ratio can be defined as a function of the radius of the plane of minimum cross-section, a, to the radius of the notch, R (a sample notched cylindrical bar is shown in Figure 1 , where the a and R measurement locations are marked). This value of the ratio a=R has since been defined as the notch acuity. However, the analytical solution provided by Bridgman for the triaxiality ratio breaks down for SMAs because the phase transformation must be considered. As mentioned previously, the phase transformation is known to redistribute the stress in a SMA, which thereby causes the assumptions made by Bridgman to break down. Bridgman implicitly assumes that the crystal structure is constant (with the exception of plasticity), however as mentioned previously, the phase transformation inherent to SMAs causes a crystallographic reorientation between the parent austenite phase and the child martensite phase. Therefore, if the triaxiality ratio is determined based on the austenite phase (which does hold as long as the material stays austenitic), the change in crystal structure leads to the difference in the triaxiality ratio which causes the analytical solution for the triaxiality ratio to break down. Furthermore, martensite is capable of existing in a number of different crystallographic orientations, ranging from twinned (self-accommodated) where in multiple variants coexist such that no net volumetric change is exhibited, to detwinned with a number of variants typically dependent on the alloy in question. The existence of multiple potential martensitic variants further breaks down the assumptions utilized by Bridgman.
Due to the thermomechanical nature of the phase transformation, it is common to relate the changes in crystal structure to the local thermal and stress state of the material. Under zero stress, the forward phase transformation from austenite to martensite initiates at the martensite start temperature, M S , and completes at the martensite finish temperature, M F . Similarly, under zero stress, the reverse phase transformation from martensite to austenite initiates at the austenite start temperature, A S , and completes at the austenite finish temperature, A F . Under the application of stress, these transformation temperatures shift in accordance with the Clausius-Clapeyron curves for martensite and austenite, labeled C M and C A , respectively, leading to shifts in the transformation temperatures to M (Lagoudas, 2008; Otsuka and Wayman, 1999) .
It is important to note that this phase transformation is a pointwise behavior and that, for example in the presence of a stress concentration, not all points in a SMA component will undergo phase transformation at the same time or in the same manner. Therefore, in notched cylindrical bars as described previously, the presence of the stress concentration introduced by the notch will lead to pointwise variation in the phase transformation behavior. Furthermore, the stress redistribution induced by the phase transformation can have a profound impact on this pointwise variation in phase transformation behavior. In the following paper, the stress redistribution due to the phase transformation in notched cylindrical SMA specimens will be analyzed by utilizing the SMA constitutive model developed by Lagoudas et al. (2012) . This model has been utilized by a number of studies in order to predict the thermomechanical behavior of various SMA compositions and structures (Baxevanis et al., 2012; Hernandez et al., 2013; Masood et al., 2013; Saunders et al., 2016; Scalet et al., 2016; Teeriaho, 2013) and has shown generally good agreement when compared to experimental studies. For modeling purposes, the constitutive model utilized assumes that the phase transformation occurs in a decentralized manner, in that although the local crystal structure is either austenite or martensite, the model assumes that the crystallographic information is smeared out such that a martensitic volume fraction can be defined. Therefore, a martensitic volume fraction of 0 means that all local crystals are austenitic, while a martensitic volume fraction of 1 indicates all local crystals are in the martensitic phase, and a martensitic volume fraction in between 0 and 1 indicates some of the crystals are martensitic and some are austenitic.
The paper is broken up as follows: first the approach utilized to investigate the effect of the stress redistribution in notched cylinders is presented, followed by a presentation of the results obtained and a discussion of these results. Finally, conclusions will be drawn based on the results.
Approach
The balanced use of both numerics and experiments is useful in order to be able to explore a wide scope of parameters, while at the same time ensure physically obtainable behavior. To that end, both numerical and experimental results were obtained for the following study. The numerical results allow for a large range of notch acuities to be explored, while the experimental results are utilized to ensure the numerical results can be physically realized.
Numerical approach
In order to determine the effect of notch acuity on the stress redistribution in a SMA notched cylinder, a number of different numerical specimens were generated. These specimens range in notch acuity, a=R, from 0.2 to 50, in addition to a nominally smooth specimen to use for verification of model calibration (see Figure 2) . By utilizing this range, it is possible to account for a wide variation in notch acuity which may be found in practical applications where a cylindrical member is held in place through a circular hole. Due to the symmetry of the cylindrical specimens, only a quarter of each specimen was utilized for the simulations. For all simulations, four-node thermally coupled tetrahedrons were used for the mesh. Two sizes of mesh were utilized throughout the specimens: a coarse mesh in the grip region and a fine mesh starting half way into the region with the initial radius reduction and going through the notched portion of the specimen. A sample of how the specimens were meshed is shown in Figure 3 for the a=R = 1 specimen.
The present study was performed for thermal actuation loading paths under nominally constant force conditions. This was accomplished by fixing the bottom of the cylinder, while a uniform initial load of 200 MPa was applied to the top surface. The notched cylinders were initially at 500 K. While maintaining the load constant, the temperature was then reduced to 225 K (below M F ) and subsequently heated back up to 500 K. The temperature is assumed to be uniform throughout the entire specimens. Throughout the thermal actuation path, the stress, strain, and martensitic volume fraction are monitored in order to determine the effect of the thermal actuation loading path on these parameters.
As mentioned previously, the SMA constitutive model of Lagoudas et al. (2012) was utilized via implementation of the constitutive model into a user material (UMAT) subroutine in ABAQUS. The model utilizes a J2 plasticity type phase transformation surface based on the deviatoric von Mises stress in order to determine the pointwise behavior throughout the material. The constitutive model material parameters used for all simulations are given in Table 1 and are based on experimental results for the smooth cylindrical dogbone using the experimental specimens and setup described below In addition to the simulations performed as described above, additional simulations were conducted in order to compare with experimental results. These simulations for experimental comparison were performed in the same manner as described previously for the a=R = 0:5 and a=R = 2:5 specimens; however, the temperature was cycled from 500 to 310 K in accordance with the experimentally achievable minimum temperature as described below. Also, for experimental comparison purposes, notch axial extension was obtained by comparing the distance between nodes at the top and bottom of notch. Similarly, notch radial extension was obtained by monitoring the radial position of two points on the outside edge of the plan of minimum cross-section.
Experimental approach
Experiments were also conducted to verify, as much as possible, the numerical results based on the numerical approach described above. Therefore, two different geometries of notched cylindrical specimens were machined, along with a smooth cylindrical dogbone for model calibration purposes. The specimens were 46.5 mm tall, with a 4 mm radius in the grip region, 3.5 mm radius in the initial radial reduction region, and a minimum radius of 1.9 5mm in the plane of minimum cross-section. The notch sizes were based on the a=R = 0:5 and the a=R = 2:5 numerical specimens, and therefore, the notch radius was adjusted accordingly (3.9 mm notch radius for the a=R = 0:5 specimens and 0.78 mm notch radius for the a=R = 2:5 specimens). These sizes were selected due to prior results for pseudoelastic loading as discussed in a prior work by Phillips et al. (2017) . Sample specimens are shown in Figure 4 . All specimens for the current study were machined out of a Ni 50.8 Ti bar via conventional grinding and the outer surface was left in the conventionally ground finish condition. In addition, the gauge region of the specimens was coated in white spray paint, followed by speckling with black spray paint. This surface coat was needed in order to allow for determination of the three-dimensional (3D) strain fields via digital image correlation (DIC) for both the smooth cylindrical dogbone and the a=R = 0:5. Due to the size of the notch in the a=R = 2:5 specimen, reliable DIC strain fields could not be properly obtained; however, optical extensometry was also utilized for all specimens to determine the axial and radial extension of various points in each specimen. Optical extensometry was performed via a custom script written utilizing LabVIEW Vision Assistant Ò , which tracks the location of the top and bottom of the notch, and left and right edges of the plane of minimum cross-section. The locations tracked are shown in Figure 5 on a a=R = 0:5 specimen. Furthermore, these optical extensometry results were validated by comparing the axial extension based on the distance between the grip regions to a laserbased axial strain measurement based on reflective tags placed on the specimens in the grip regions.
All experiments were conducted on a MTS Insight electromechanical test frame. The test specimens were loaded into custom threaded grips in order to prevent slipping. Heating of the specimens was accomplished by inductively heating the grips and allowing the heat to conduct through the specimens. Upon reaching the desired maximum temperature, the inductive heater was turned off and the specimens were allowed to convectively cool by transferring the heat to the ambient air (approximately 298 K). It was not possible to utilize a thermal chamber which could accommodate cooling below ambient temperature since the thermal chamber would obstruct the ability to utilize two cameras as needed for 3D DIC. The temperature of each specimen was obtained via thermocouples attached at three locations on each specimen (in the top grip region, in the bottom grip region, and at the center of each specimen). A custom LabVIEW VI Ò was used to record the measured temperatures and trigger the induction heater to turn on and off as needed for the thermal sweeps. While the data recorded does show a thermal gradient throughout the specimen during heating due to conduction, the experiments did show that the temperature throughout the specimen during cooling was nearly uniform, in particular in the temperature ranges where phase transformation occurred, thereby validating the assumption of uniform temperature made for the numerical simulations. Initial experiments were performed on the smooth cylindrical dogbone in order to establish the material properties. This involved a combination of differential scanning calorimetry (DSC) experiments, isothermal (pseudoelastic) experiments, and constant force (thermal actuation) experiments. For additional details on the calibration experiments performed, please see Phillips et al. (2017) , and for additional details on how to utilize these experiments to calibrate the model, please see Lagoudas (2008) . For the thermal actuation experiments performed on the notched cylinders, specimens were pre-loaded to 30 N at 1 3 10 À3 mm=mm_ s using the notch length as the gauge length. Upon reaching the pre-load, the temperature was increased to 400 K and then the load was increased to the desired test load at 1 3 10 À3 mm=mmÁ _ s, while maintaining the temperature constant. After reaching the test load of 9975 N (corresponding to 65% of the ultimate tensile load at 425 K for all notched geometries), the temperature was cycled from 400 to 310 K while maintaining a constant load. It should be noted that the numerical load of 200 MPa on the surface leads to the same total load as that applied in the experiments. Also, this load was selected in order to ensure some level of transformation prior to room temperature, while minimizing risk of specimen failure (similar experiments at 14,000 N, or 90% of the ultimate tensile loads, failed during the first cooling cycle).
Results
As a result of the complex force field in the notched cylinders, it is expected that the notched cylinders will undergo phase transformation due to cycling between temperatures well above A F to a temperature below M F . However, in addition to the bulk behavior expected by cycling from above A F to below M F , it is important to consider the implications of the interaction between stress and temperature, particularly near stress concentrations such as that due to the notches in the cylinders simulated and tested. This interaction is responsible for the differences in phase transformation as can be seen in Figure 6 , which shows three different specimens which are representative of the different transformation characteristics. It can be seen in Figure  6 that although the phase transformation initiates at the edge of the notches for all specimens, the way in which the phase transformation progresses is different for the different notch acuities. For small notch acuities (a=R\0:4 and the smooth baseline), the phase transformation first propagates along the plane of minimum cross-section prior to expanding above/below this plane. For high notch acuities (a=R . 2:5), the phase transformation propagates spherically out from the notch edge to areas above/below the plane of minimum cross-section. However, for intermediate notch acuities (0:4\a=R\2:5), an interesting behavior can be noted. Taking the specimen with a notch acuity of 1.25 as an example, it can be seen that while the phase transformation does initially propagate through the plane of minimum cross-section as shown at 295 K, the spherical phase transformation propagation behavior becomes dominant by 275 K. Furthermore, at 265 K, it appears that part of the material which had completed phase transformation at 295 K has now undergone some reverse phase transformation, particularly in regions close to the central axis along the plane of minimum cross-section. It is only through continued cooling below the M F temperature that this region completes forward transformation. The phase transformation reversal appears to occur for a number of different notch acuities, corresponding to the intermediate notch acuity range mentioned above and as will be discussed further later in this article.
In order to better understand the phase transformation reversal, the notched cylindrical specimen with a notch acuity, a=R, of 1 is further examined. Numerical results indicate that phase transformation initiates at the edge of the notch at approximately 371 K and propagates along the plane of minimum cross-section as well as moving above and below this plane close to the notch wall. This can be seen clearly at 325 K in Figure  7 . By 295 K, phase transformation has completed throughout the plane of minimum cross-section as well as for some other material close to this plane near the notch wall. However, according to direction of phase transformation in Figure 7 , there is widespread reverse transformation by 285 K near the center of the plane of minimum cross-section, which has lead to the material near the center to go back to a mixed phase between austenite and martensite. Indeed, it can be noted from Figure 7 that by 285 K, up to 60% of the plane of minimum cross-section (and material close to this plane) is undergoing reverse phase transformation. In the mean time, other surrounding material completes phase transformation as indicated by the circular region of complete phase transformation at 280 K. Reverse transformation in this specimen can be found in throughout the center of the plane of minimum crosssection of this specimen from 288 to 275 K, and forward transformation does not resume throughout the specimen until 265 K.
For further clarification on what leads to the partial phase transformation reversal, it is important to recall that the phase transformation is thermomechanically driven, that is both temperature and stress contribute to the phase transformation. Therefore, the reason for the phase transformation reversal may be deduced by examining the local stress state in conjunction with the temperature. Consider further the specimen with a notch acuity a=R = 1. As discussed above based on Figure 7 , phase transformation clearly completes throughout the plane of minimum cross-section by 295 K. However, by 285 K, at least part of this plane of minimum cross-section has undergone some reverse transformation. By tracking the local von Mises stresstemperature state of each point, it is possible to understand why the partial reverse transformation occurs. Examining the last set of images in Figure 7 , it can be seen that as the phase transformation progresses, there is a clear change in the von Mises stress distribution. As transformation initiates, the stress tends to distribute more evenly throughout the notched region of the specimen. However, as additional material near the notch wall begins to complete phase transformation that material then starts to take on more stress as shown at 295 K in Figure 7 . This trend continues through 285 K, where in the material near the notch wall supports additional load. However, this additional load bearing near the notch wall leads to unloading of the central region of the notch, which in turn leads to the phase transformation reversal. This load reduction in the central region continues to exist as the specimen continues to cool.
To gain a more quantitative perspective, consider a point on the notch wall and a point along the central axis in the plane of minimum cross-section. As shown in Figure 8 , it can be seen that for the point along the central axis, the initial von Mises stress increases during cooling from approximately 345 to 325 K. During this cooling, it can also be noted that the von Mises stress at the notch edge was reducing, indicating that the stress in the plane of minimum cross-section is redistributing. 
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Furthermore, as forward transformation initiates at the central point on the plane of minimum cross-section, it can be seen that the von Mises stress level reduces at the center of the specimen. Upon reaching 305 K, phase transformation completes in the center and von Mises stress starts to increase. However, at approximately 295 K, Figure 7 shows that additional material near the notch that is above and below the plane of minimum cross-section completes phase transformation, thereby allowing for a reduction in von Mises stress. This reduction in von Mises stress becomes so significant at 288 K that the von Mises stress level causes the local von Mises stress-temperature state to drop below the A S curve, leading to the reverse transformation noted from Figure 7 . The local von Mises stress-temperature state at the point at the center of the plane of minimum cross-section remains below the A S curve until 275 K, and forward transformation of the material that has undergone reverse transformation does not start until 265 K. In contrast, tracking the local von Mises stresstemperature state at a point on the edge of the notch shows a dramatically different behaviors between 375 and 260 K. From linear elastic analysis, it is expected that the initial von Mises stress at the edge should be higher than the stress for a material point removed from the edge. This is indeed confirmed by looking at the stress levels at 375 K in Figure 8 . As the phase transformation progresses at the edge of the specimen, it can be seen that the von Mises stress at the edge reduces, indicating a redistribution of stress throughout the cross-section of the specimen. Indeed, this stress redistribution can be seen to cause the increase in von Mises stress at the center point from 345 to 325 K, as mentioned previously. However, once the material at the edge completes forward transformation and starts to behave elastically again, it can be seen that the stress at the edge starts to shoot up dramatically in order to offset the reduction in stress noted at the center and which can also be seen throughout the entire plane of minimum cross-section as discussed next.
Looking at the von Mises stress throughout the plane of minimum cross-section, not just at the center and edge, can give a better understanding of how the stress redistributes as a function of temperature throughout the specimen. As shown in Figure 9 , the von Mises stress at 375 K is similar to what would be expected through the plane of minimum crosssection for an elastic material. By 340 K, phase transformation has started near the notch (as noted in Figure 7 ) which initiates some stress redistribution in the plane of minimum cross-section. Furthermore, due to phase transformation, the stress redistributes such that it is approximately equalized throughout the plane of minimum cross-section at 322 K. This corresponds to when forward phase transformation is progressing throughout the entire plane of minimum cross-section, as shown in Figure 10 . However, by 295 K, the material in the plane of minimum cross-section as well as surrounding material has completed forward transformation and behaves elastically, thereby returning to an elastic stress distribution, which causes a reduction in von Mises stress for material closer to the central axis. As more material above and below the plane of minimum cross-section completes forward transformation, the von Mises stress near the central axis continues to decrease and is so significant that reverse transformation initiates by 285 K, as indicated in Figure 8 and can be noted through approximately 60% of the radial distance according to Figure 10 .
Returning to the entire spectrum of notch acuities considered, it is possible now to better understand the reason for the differences in the martensitic volume fraction evolution. Specifically, as examined for the notched cylindrical bar with a notch acuity of 1, it was found that the stress redistribution was responsible for the partial reversal of phase transformation. Therefore, it can be postulated that the difference in phase transformation behavior shown in Figure 6 is due to stress redistribution during phase transformation, and this can indeed be seen from Figure 11 . While in austenite or martensite, the material behaves elastically and therefore, the von Mises stress distributions correspond to the typical von Mises stress distribution in an elastic medium near a stress concentration. However, the nonlinear behavior of these SMA notched cylinders can be clearly seen by examination of stress distributions shown in Figure 11 . In particular, it can be seen that the von Mises stress tends to distribute more evenly throughout the cross-section near the initiation of phase transformation at 295 K than a purely elastic response near a stress concentration. As described for the a=R = 1 specimen, this is due to a reduction in von Mises stress at the edge of the notch as it undergoes forward phase transformation, thereby requiring the surrounding material to support more load. The elevation of von Mises stress at material points not at the notch edge in turn causes the rest of the material to start to undergo forward phase transformation. However, as the material at the edge of the notch completes forward phase transformation and starts to behave elastically, the stress at the edge of the notch increases dramatically, thereby leading to a reduction in stress of the material away from the notch edge. This can be clearly seen at 265 K in Figure 11 which indicates that all specimens have the highest von Mises stress at the notch, but a reduction in von Mises stress as radial distance from the central axis is reduced for points close to the plane of minimum cross-section. In turn, this stress redistribution during phase transformation can be used to explain the phase transformation reversal as noted in Figure 6 for the specimens in the intermediate notch acuity range.
As mentioned in the preceding discussion for the a=R = 1 notched cylindrical specimen, the reversal in phase transformation is due to an interplay between von Mises stress and temperature. Looking beyond the a=R = 1 specimen, it can be found that the phase transformation reversal occurs for a range of notch acuities, as indicated in Figure 12 . Furthermore, each notch acuity will lead to a different stress concentration, thereby leading to different elastic stress fields in the specimens, which in turn should lead to differences in the amount of phase transformation reversal and phase transformation temperatures. Indeed, as shown in Figure 12 , the martensitic volume fraction may reduce by as much as 18% for a point along the central axis and on the plane of minimum cross-section. Also, as shown in Figure 13 , it is shown that forward transformation at the point on the central axis and along the plane of minimum cross-section initiates at different temperatures depending on the notch acuity. As expected, for low notch acuities, the stress is more distributed throughout the plane of minimum crosssection, leading to higher forward transformation start temperatures compared to high notch acuity specimens, which have lower von Mises stress at the center. Then, for notched specimens with notch acuities of 1.25 or less, forward phase transformation appears to complete, where as notched specimens with higher acuities do not initially complete phase transformation. It is interesting to note though that all specimens appear to reach an initial plateau in forward transformation, regardless of notch acuity. This is indicative of the von Mises stress reducing in the center of all specimens such that forward transformation completes or pauses. Upon continued cooling, Figure 13 indicates that the martensitic volume fraction reduces only for intermediate notch acuities (as identified previously), indicating that they undergo reverse phase transformation in the center of the specimens. Finally, Figure 13 indicates that all specimens, which initially do not complete phase transformation or have undergone some level of phase transformation reversal, will continue to undergo forward transformation once the temperature reduces far enough to overcome the reduction in von Mises stress which paused or reversed the phase transformation. These initiation, initial completion or forward transformation pause, reverse transformation initiation, and forward transformation restart temperatures are shown in Figure 14 for all specimens considered. It should be noted that while the preceding results and discussion have all focused on the phase transformation behavior during cooling, similar results have also been obtained during heating in which reverse transformation is similarly paused and reversed for the intermediate notch acuity range.
As mentioned previously, the phase transformation only occurs within a range of notch acuities, specifically between approximately a=R = 0:4 À 2:5. This appears to be due to a trade-off between the effects of the notch acuity and the phase transformation properties. As shown in Figure 11 , the phase transformation causes all notch acuities to have a net reduction in von Mises stress in the center of the plane of the minimum crosssection. Nevertheless, for small notch acuities, the effective stress distribution is not significantly affected, for which the phase transformation has been shown to propagate through the plane of minimum cross-section and then expand above and below this plane. Therefore, due to this propagation method, the von Mises stress in the center is not able to drop so low that phase transformation occurs. In contrast, for high notch acuities (a=R . 2:5), the initial stress distribution is in a spherical shape touching the notch edge in the plane of minimum cross-section and then going above and below this plane spherically. Accordingly, the phase transformation propagates along this spherical stress distribution. In turn, as the phase transformation completes in this spherical distribution, it leads to a reduction in von Mises stress in the center of the plane of minimum cross-section, which pauses the forward phase transformation. For intermediate notch acuities, a mixture of these stress distributions is present, which means that initially the intermediate notch acuities will try to propagate the phase transformation through the plane of minimum cross-section. However, as mentioned previously, when the phase transformation completes near the notch above and below the plane of minimum cross-section, the von Mises stress at the center of the plane of minimum cross-section reduces (as noted for high notch acuities) so far that phase transformation reversal initiates. At this point, the intermediate notch acuity specimens behave more similar to the high notch acuity specimens and forward phase transformation does not resume until the temperature reduces far enough to overcome the von Mises stress reduction.
Finally, it is useful to compare such numerical results with experimental results. To that end, multiple experimental specimens were tested in order to compare to the numerical results. The first stage in building confidence is ensuring that the results from calibration could be well matched by numerical simulations. As shown in Figures 15 and 16 , the experimentally determined principle strain for the smooth specimen thermally cycled under 200 MPa as determined by DIC compares well with the principle strain computed from the numerical simulations. Furthermore, it can also be seen in Figures 17 to 19 that there is good agreement between the experimental principle strain and the predicted principle strain from the numerical simulations for the a=R = 0:5 specimen. Hence, these principle strain field-based comparisons help to give support to the obtained numerical results.
In addition to DIC results, optical extensometry was also used to provide feedback on the match between the numerical simulations and experimental results. The comparisons between experimental and numerical results for axial extension (DL=L 0 ) of the notched region and radial extension (Dr=r 0 ) of the plane of minimum cross-section are shown in Figures 20 and 21 for the a=R = 0:5 specimen, and in Figures 22 and 23 for the a=R = 2:5 specimen. It can be noted that the results show a two-stage phase transformation in the a=R = 0:5 specimen in both the experimental and numerical results. Based on the numerical results, the inflection point corresponds to the point at which transformation has completed propagation through the plane of minimum cross-section and is now starting to spread above and below this plane. This inflection point also corresponds to the temperature at which the principle strains were obtained numerically and experimentally in Figure 18 . In contrast, the experimental and numerical results for the a=R = 2:5 specimen show a single continuous slope in the thermal region tested, suggesting a different phase transformation propagation as indicated previously. It should also be noted that the notch radial extension has a negative value, corresponding to the fact that the radius is contracting. The initial reduction in radius can be attributed to thermal contraction, where as the large change in radius can be attributed to crystallographic reorientation along the axial direction during forward transformation, and then returning to the higher symmetry crystal structure during reverse transformation. Unfortunately, cooling to temperatures in which the numerical simulations would suggest phase transformation reversal was not achieved in these specimens due to experimental limitations, leading to only partial forward transformation as indicated by the lack of a plateau in the experimental results during heating. It must also be acknowledged that the experimental results show some level of plasticity which is not properly accounted for in the numerical simulations which assume no plastic strain. However, overall the results of this comparison between experimental and numerical results show a good match, giving additional credibility to the numerical results presented previously.
Conclusion
SMAs present a unique ability to undergo a solid-tosolid, diffusionless, reversible phase transformation as a function of the local thermomechanical state of the material. Typically, this reversible phase transformation when studied under constant force thermal actuation cycling leads to forward transformation during cooling and reverse transformation during heating. However, when attempting to submit notched cylindrical bars to thermal actuation cycling, it has been found that 1. The phase transformation causes the internal stress state to redistribute in such a way that although a linear elastic stress distribution exists prior to phase transformation, initial phase transformation near the edge of the notch in notched cylindrical bars causes the stress throughout the plane of minimum cross-section to distribute more evenly. 2. As phase transformation completes at the edge of the notch and in material close to the notch, but while the rest of the material may not have completed forward transformation, the von Mises stress redistributes such that the von Mises stress at the edge of the notch increases dramatically, while the von Mises stress reduces as the radial distance from the central axis reduces along the plane of minimum cross-section. 3. After initial forward transformation in the center of notched specimens for certain critical notch acuitiesra, a=R, the stress redistribution causes such a significant reduction in von Mises stress near the central axis of the plane of minimum cross-section that it may lead to partial reverse transformation during cooling.
While these results are specifically obtained for notched cylindrical bars, these results should be applicable more generally to all geometries in which pairs of opposing stress concentrations are present leading to circular stress distributions. These results indicate that careful consideration must be used when attempting to attach SMAs to structures via any method which causes a local stress concentration, such as through holes, rivets, and screws.
